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We study neutralino decay in the supersymmetric extra U(1) models which can solve the m problem. In
these models the neutralino sector is extended at least into six components by an extra U(1) gaugino and a
superpartner of a Higgs singlet. Focusing on its two lower mass eigenstates x˜2
0 and x˜1
0
, decay processes such
as a tree-level three-body decay x˜2
0!x˜10 f f¯ and a one-loop radiative decay x˜20!x˜10g are estimated. We
investigate the condition under which the radiative decay becomes the dominant mode and also numerically
search for such parameter regions. In this analysis we take account of the Abelian gaugino kinetic term mixing.
We suggest that the gaugino mass relation M W;M Y may not be necessary for the radiative decay dominance
in the extra U(1) models. @S0556-2821~98!04703-1#
PACS number~s!: 12.60.Jv, 14.80.LyI. INTRODUCTION
Recently the standard model ~SM! has been confirmed to
incredible accuracy through the precise measurements at the
CERN e1e2 collider LEP. Nevertheless, it has still not been
considered the fundamental theory of particle physics and
physics beyond the SM is eagerly explored. Along this line
the supersymmetrization of the SM is now considered as the
most promising extension @1#. However, even in this mini-
mal supersymmetric standard model ~MSSM! there remain
some theoretically unsatisfactory features in addition to the
existence of too many parameters. The famous one is known
as the m problem @2#. The MSSM has a supersymmetric
Higgs mixing term mH1H2. To cause an appropriate radia-
tive symmetry breaking at the weak scale @3#, we should put
m;O(GF21/2) by hand, where GF is a Fermi constant. Al-
though in the supersymmetric models its typical scale is gen-
erally characterized by the supersymmetry breaking scale
M S which is usually taken as the 1 TeV region, there is no
reason why m should be such a scale because it is usually
considered to be irrelevant to supersymmetry breaking. A
reasonable way to answer this issue is to consider the origin
of the m scale as some result of supersymmetry breaking @4#.
One such solution is the introduction of a singlet field S ,
replacing mH1H2 by a Yukawa type coupling lSH1H2. If S
gets a vacuum expectation value ~VEV! of order 1 TeV as a
result of renormalization effects on the soft supersymmetry
breaking parameters, m;O(GF21/2) will be realized dynami-
cally as m5l^S&. As is well known, such a scenario can be
available by introducing a kS3 term into the superpotential
and a lot of work has been done on this type of model @5#,
where the superpotential of S is composed of the terms
lSH1H21kS3. At the price of the introduction of a new
parameter k , a kS3 term can prohibit the appearance of a
massless axion and also guarantee the stability of the poten-
tial for the scalar component of S . The introduction of an
extra U(1)X symmetry which is broken by a SM singlet field
S can effectively play the same role as the introduction of the
*Email address: suematsu@hep.s.kanazawa-u.ac.jp570556-2821/98/57~3!/1738~17!/$15.00kS3 term @6#. A D term for this U(1)X induces a quartic term
of S in the scalar potential. The axion is absorbed by this
extra U(1)X gauge boson and disappears from the physical
spectrum. Moreover, this extra U(1)X automatically forbids
the appearance of mH1H2 in the original Lagrangian, and
also if we assume the unification of gauge coupling con-
stants, we need no new parameter such as k . Thus models
extended with an extra U(1)X symmetry can be considered
as one of the most simple and promising extensions of the
MSSM. Their phenomenological aspects have also been
studied by various authors @6–9#.
The extra U(1)X models have an another interesting as-
pect if they are supersymmetrized. Their supersymmetriza-
tion introduces the extra neutralino candidates in addition to
the ones of the MSSM, that is, an extra U(1)X gaugino lX
and a superpartner S˜ of the Higgs singlet S . Confirmation of
the extra gauge structure is one of the main parts of the study
of extension of the SM. It is well known that the extra U(1)X
gauge structure is often induced from a more fundamental
theory such as superstring theory @9#. However, recent pre-
cise measurements at the LEP and the direct search at the
Tevatron suggest that the lower bound of the extra neutral
gauge boson is rather large and it may be difficult to find its
existence directly in the near future @10#. If supersymmetry is
what exists in nature, there may be a new possibility to find
its existence in a completely different way @11#. Even if the
mass of extra neutral gauge boson is too large to observe in
near future collider experiments, its superpartner sector may
open a window to find its existence. The study of the neu-
tralino sector is interesting from the viewpoint not only of
the investigation of supersymmetry but also of the search for
extra gauge structure. In particular, we should note that the
gauge coupling of this extra U(1)X to ordinary matter fields
is rather large compared with ordinary Yukawa couplings1
~instead of top Yukawa! and then the neutralino sector can be
substantially affected by this inclusion in a suitable param-
eter region.
1It should also be noted that the Yukawa coupling l of lSH1H2
can be large enough compared with ordinary Yukawa couplings.1738 © 1998 The American Physical Society
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U(1)X models since it may be one of the important subjects
along the above-mentioned direction. The lightest neutralino
is a candidate of the lightest supersymmetric particle. Thus if
R parity is conserved, the neutralino decay modes such as
x˜2
0!x˜10 f f¯ and x˜20!x˜10g are expected to appear as a sub-
process of the decay of supersymmetric particles, where x˜2
0
and x˜1
0 are the two lower neutralino mass eigenstates. These
decay processes have been calculated in the case of the
MSSM under suitable conditions @12#.
Recently, some attention has been attracted to this process
in relation to the Collider Detector at Fermilab ~CDF!
eegg1E T event @13#. Especially, related to this type of
event, it seems to be a very interesting subject under what
condition x˜2
0!x˜10g can become the dominant mode @13,14#.
This is because it can give us fruitful information on the
parameters of supersymmetric models as stressed in @13#.
Since this type of process is a typical one which may be
observed in the near future, its detailed study in the
m-problem solvable extra U(1)X models will be useful. The
estimation of the widths G(x˜20!x˜10g) and G(x˜20!x˜10 f f¯) in
the extra U(1)X models can be modified from that in the
MSSM because there are new components lX and S˜ con-
tained in the neutralino mass eigenstate x˜i
0
. Additionally, in
TABLE I. The charge assignment of extra U(1)’s which are
derived from E6. These charges are normalized as ( iP27Qi2520.
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3the multi-U(1) models Abelian kinetic term mixing can oc-
cur as suggested in Refs. @15–17#. As a result of this Abelian
kinetic term mixing, there are some changes in the interac-
tions between neutralinos and ordinary matter fields @11#.
This should be taken into account in the analysis of these
processes. Because of these effects, the x˜2
0!x˜10g dominant
condition is also expected to be altered from the MSSM one.
If we take the lesson brought from the study of the CDF-type
event seriously, this analysis may give us important informa-
tion for model building on additional gauge structure and
also Planck scale physics.
The organization of this paper is the following. In Sec. II,
we present examples of the m-problem solvable extra U(1)X
models derived from the superstring inspired E6 models. Af-
ter that we give a brief review of the Abelian gaugino mixing
whose effect is taken into account in the later analysis. We
also examine the neutral gauge boson and Higgs sector to
constrain the parameters of the models in terms of their
present experimental mass bounds. In Sec. III, mass eigen-
states and their couplings to the matter fields of the extended
neutralino sector are studied. Based on these preparations the
decay widths G(x˜20!x˜10 f f¯) and G(x˜20!x˜10g) are esti-
mated. We also study under what condition the radiative de-
cay mode becomes the dominant one, which is crucially rel-
evant to the CDF-type event. In Sec. IV, these decay widths
are numerically estimated and we show what kind of param-
eter region is crucial for the radiative decay dominance. Sec-
tion V is devoted to a summary.
II. EXTRA U1X MODELS
A. µ-problem solvable models
There can be many low energy extra U(1)X models. In
these models we are especially interested in m-problem solv-
able extra U(1)X models. From such a point of view, it
seems to be natural to examine models which satisfy the
condition mentioned in the Introduction. That is, the extra
U(1)X symmetry should be broken by the VEV of the SM
singlet S which has a coupling to the ordinary Higgs dou-
blets H1 and H2 such as lSH1H2. In these models the m
scale is naturally related to the mass of the extra U(1)X bo-
son and then they seem to be very interesting from the phe-
nomenological viewpoint too.2 So we confine our attention to
this class of models derived from the superstring inspired E6
models.
There are two classes of extra U(1)X models derived from
superstring inspired E6 models. The rank six models have
two extra U(1)’s besides the SM gauge structure. They can
be expressed as the appropriate linear combinations of
U(1)c and U(1)x whose charge assignments for 27 of E6 are
given in Table I. There is also a rank five model called the h
model. Its charge assignment is also listed in Table I. As
2There is also a possibility that the m term is realized by a non-
renormalizable term l(S S¯/M Pl2 )nSH1H2 because of some discrete
symmetry @18#. In such a case ^S& should be large in order to realize
the appropriate m scale. As a result there is not the low energy extra
gauge symmetry which can be relevant to the present experimental
front. Because of this reason, we do not consider this possibility.
1740 57DAIJIRO SUEMATSUseen from this table, there is a SM singlet S which has the
coupling lSH1H2. The h model clearly satisfies the above-
mentioned condition. On the other hand, in the rank six mod-
els this condition imposes a rather severe constraint on the
extra U(1)X in the low energy region. In this type of model
a right-handed sneutrino N also has to get the VEV to break
the gauge symmetry into the SM one. If we try to explain the
smallness of the neutrino mass in this context, N should get
a sufficiently large VEV. In fact, in the case that N has a
conjugate chiral partner N¯ , a sector of (N ,N¯) has a D-flat
direction and then they can get a large VEV without break-
ing supersymmetry @19#. This VEV can induce the large
right-handed Majorana neutrino mass through the nonrenor-
malizable term (NN¯)n/M Pl2n23 in the superpotential and then
the seesaw mechanism is applicable to yield the small neu-
trino mass @6,20#. However, this usually breaks the direct
relation between the m scale and the mass of the extra neutral
gauge boson because the VEV of N also contributes to the
latter. In order to escape this situation and obtain the extra
U(1)X satisfying our condition, we need to construct a
U(1)X by taking a linear combination of U(1)c and U(1)x
@6,16,20#. As such examples, we can construct two low en-
ergy extra U(1)X models. They are shown in Table II. The
TABLE II. The charge assignment of the extra U(1)X which
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Ec ~1,1! 2 6
1
A6
H1 ~1,2! 21 7
3
A6












S ~1,1! 0 6
5
A6
N ~1,1! 0 0difference between them is the overall sign.3 In these models
the right-handed sneutrinos have no charge of this low en-
ergy extra U(1)X . This is a different situation from the rank
five h model. Thus using the D-flat direction of another extra
U(1), the right-handed sneutrino gets a large VEV which
breaks this extra U(1) symmetry and also can induce large
Majorana masses for the right-handed neutrinos. This
mechanism may also be related to the inflation of the uni-
verse and the baryogenesis as discussed in @22#. As a result
of this symmetry breaking at the intermediate scale, only one
extra U(1)X remains as the low energy symmetry. We will
concentrate on these three U(1)X models (X5h ,j6) in the
following study.
We focus our attention to the minimally extended part of
these models with an extra U(1)X and a SM Higgs singlet S .
Other extra matter fields such as color triplet fields (g , g¯)
and the right-handed neutrino N , which are introduced asso-
ciated with the extension, are irrelevant to the present pur-
pose and we can neglect them. Thus the relevant parts of the












a 1M Ylˆ Ylˆ Y1M Xlˆ Xlˆ X
1M YXlˆ Ylˆ X1H.c.D , ~1!
where f i represents the scalar component of each chiral su-
perfield contained in the models. M W , M Y , and M X are the
gaugino masses.4 We assume the Yukawa coupling l and
soft supersymmetry breaking parameters to be real, for sim-
plicity.
B. Abelian gaugino mixing
Next we briefly review a particular feature in the neu-
tralino sector caused by the Abelian gauge kinetic term mix-
ing in the supersymmetric multi-U(1) models. In supersym-
metric models gauge fields are extended to vector superfields
VWZ~x ,u , u¯ !52usm u¯Vm1iuu u¯l¯2i u¯ u¯ul1 12 uu u¯ u¯D ,
~2!
3As discussed in Refs. @6,20#, Qj2 can also be obtained only by
changing the field assignments for Qx . This insight allows us to
construct new models, which can induce an interesting neutrino
mass matrix @21# by using the charge assignments Qx and Qj2 for
the different generations @20#. However, in this paper we shall not
consider such models for simplicity.
4In this expression we introduced the Abelian gaugino mass mix-
ing as M YX , which might exist as the tree-level term at the Planck
scale and also be yielded through quantum effects.
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strength is included in the chiral superfield constructed from







Here we should note that Wa of the Abelian gauge group is
gauge invariant itself. In terms of these superfields the super-
symmetric gauge invariant Lagrangian can be written as
L5 132 ~WaWa!F1@F†exp~2g0QVWZ!F#D , ~4!
where F5(f ,c ,F) is the chiral superfield and represents
matter fields. Its generalization to the multi-U(1) case is
straightforward. The supersymmetric gauge kinetic parts are


















b !F . ~5!
Here we introduced the mixing term between the different
U(1)’s. This can be canonically diagonalized by using the
transformation,
S Wˆ aWbD 5S 1 2tan x0 1/cos x D S WaWbD . ~6!
This transformation affects not only the gauge field sector
but also the sector of gauginos la ,b and auxiliary fields
Da ,b .5 As easily seen from the form of the last term in Eq.
~4!, the change induced in the interactions of gauginos with
other fields through this transformation can be summarized
as
ga
0Qalˆ a1gb0Qblˆ b5gaQala1~gabQa1gbQb!lb, ~7!
where la ,b are canonically normalized gauginos. The
charges of U(1)a and U(1)b are represented by Qa and Qb .












These coupling constants at the weak scale will be deter-
mined by using the renormalization group equations from the
initial values at the high energy scale @16,23#. However, such
a study is beyond our present purpose and we will treat them
as parameters in the later analysis.
5This shift in the D term changes the scalar potential and can
affect the symmetry breaking at the weak scale. However, we will
not refer to this problem here.C. Neutral gauge sector
In the previously introduced extra U(1)X models, the
gauge symmetry of the electroweak sector at the low energy
region is SU(2)L3U(1)Y3U(1)X . In order to obtain the
correct symmetry breaking for these models, we assume that
Higgs fields get VEV’s as follows:
^H1&5S v10 D , ^H2&5S 0v2D , ^S&5u , ~9!
where v1
21v2
25(246 GeV)2([v2) is assumed. For simplic-
ity, all VEV’s are assumed to be real. Under these settings in
order to constrain the parameters of the models, we investi-
gate some features of the gauge boson sector.
For this purpose we need to determine the physical states
at and below the weak scale @17#. The mass mixing between
two neutral gauge fields appears associated with the sponta-
neous symmetry breaking due to the VEV’s of Eq. ~9!
around the weak scale. In the present models the charged
gauge sector is the same as that of the MSSM. In the neutral
gauge sector we introduce the Weinberg angle uW in the
usual way,6
Zm5cos uWWm
3 2sin uWBm , Am5sin uWWm
3 1cos uWBm .
~10!
Here we used the canonically normalized basis (Zm ,Xm) so
that Am has already been decoupled from (Zm ,Xm). The
mass matrix of the neutral gauge fields (Zm ,Xm) can be writ-
ten as
S mY2 mYX2mYX2 mX2 D , ~11!






















In this expression mZ
2
, Dm2, and M Z8
2
represent the values of








2 !1/2gXv2~Q1 cos2 b2Q2 sin2 b!,
6In the following we use the abbreviated notation sW[sinuW and
cW[cosuW .




The mass matrix Eq. ~11!, can be diagonalized by introduc-
ing a mixing angle j . The canonically normalized mass
eigenstates are written by using x and j . Their concrete ex-
pressions are given in Appendix A. We also present there the
interaction Lagrangian of the neutral gauge bosons and mat-
ter fermions for later use.
The mixing angle introduced for the diagonalization of












In general the mixing angle j is severely constrained to be
small enough by the precise measurements at the LEP @10#.
From the study of radiative symmetry breaking it has been
known that tan b;
.1 is generally favored. In fact, it has been
shown in Ref. @6# that suitable radiative symmetry breaking
could occur for 1.4;
,tan b;
,2.1 in the j2 model. We will
adopt
tan b;1.5 ~15!
as its typical value throughout this paper. Therefore, in the
case of sin x50, since Q1 cos2 b.Q2 sin2 b is not satisfied
in the present three models, we need to consider the possi-
bility that the small j is realized because of Dm2!M Z8
2
,
which is equivalent to v1
2
, v2
2!u2. If sin xÞ0, however,
there may be a new possibility to satisfy the smallness of j
even if Dm2!M Z8
2 is not satisfied. Such a situation can be










~Q1 cos2 b2Q2 sin2 b!
~16!
is valid. In this case Q1 cos2 b.Q2 sin2 b is not required
unlike the sin x50 case but instead of that a tuning of sin x
becomes necessary. The constraint on the value of u also
becomes very weak. Since this possibility for small mYX
2
compared with mZ
2 is interesting enough for the explanation
of the smallness of uju, we will also consider the case with
such a mixing angle sin x in the following discussion as one
of the typical examples.
The present model-independent bound on the mixing
angle j is uju,0.01 @24#. If we impose this bound on the
models, we can restrict the allowed u range in each model.
Here it should be noted that the mixing angle j has no l
dependence. In order to show this constraint coming from
the neutral gauge sector, we plot the contours of the mixing
angle uju50.01 for each model in the (sin x,uuu) plane in Fig.1. The lower regions of the contours are forbidden in each
model. It is noticeable that rather small value of uuu is gen-
erally allowed in j6 models in comparison with the h
model. From this figure we find that the kinetic term mixing
sin x can affect the lower bound of uuu substantially. In the h
model the larger sin x reduces the required bound of uuu
values. In j6 models7 there are special values of sin x which
make the lower bound of uuu very small, as anticipated in Eq.
~16!. Thus in these models a rather light extra Z0 may be
possible.8
Related to the fact that a rather large uuu is generally re-
quired except for the case with the special sin x value, it will
be useful to recall again the origin of the m scale in the
present models. In these models the vacuum expectation
value u is relevant to the m scale. Based on this feature we
may need to put an upper bound on l to keep m a suitable
scale from the viewpoint of radiative symmetry breaking as
discussed in @6#. If we use the present Higgs mass bounds,
however, l can be effectively constrained as shown in the
following subsection.
D. Higgs sector
The Higgs sector is changed from that of the MSSM due
to the existence of the singlet S and its coupling lSH1H2 to
7j6 models have a symmetric feature mutually with respect to the
sign of sin x so that they are expected to show similar behavior in
their phenomenology. This comes from their characteristics of the
charge assignments.
8In this case the extra U(1)X gaugino is also expected to affect
largely rare phenomena such as m!eg and the electric dipole mo-
ment ~EDM! of an electron @11#.
FIG. 1. The allowed region in the (sin x,uuu) plane due to the
constraint on the mixing angle j between the extra U(1)X and the
ordinary Z0. The contours of uju50.01 for three models are drawn.
j2 , j1 , and h models correspond to solid, dashed, and dot-dashed
lines, respectively. The lower region of each contour is forbidden.
57 1743NEUTRALINO DECAY IN THE m-PROBLEM SOLVABLE . . .the Higgs doublets H1 and H2. Its brief study can give us
some useful information on the allowed region of parameter
space @25,26#. If we take account of the Abelian gauge ki-
netic term mixing, the scalar potential for the Higgs sector




















2u222Aluv1v2 , ~17!where Q1 , Q2 , and QS represent the extra U(1)X charges of
the Higgs chiral superfields H1 , H2 , and S . At the minimum
of this potential, the mass matrices for the Higgs sector are
given as follows.
Charged Higgs scalar sector:
F12 mZ2cW2 sin 2bS 12 2l2gW2 D 1AluG S tan b 11 cot b D .
~18!
Neutral Higgs scalar sector:S mZ2 cos2 bS 11 z12g˜2D 1Alu tan b mZ22 sin 2bS 211 z1z214l2g˜2 D 2Alu mZ cos bg˜ S u z1z314l2A2 2A2Al tan b DmZ22 sin 2bS 211 z1z214l2g˜2 D 2Alu mZ2 sin2 bS 11 z22g˜2D 1Alu cot b mZ sin bg˜ S u z2z314l2A2 2A2Al cot b DmZ cos b


















The overall factor of a mass matrix of the charged Higgs
sector is somehow changed from that of the MSSM due to
the coupling lSH1H2. However, the mass eigenstate of a










2 S 12 2l2gW2 D 1 Alusin b cos b . ~22!
The l2 term is added to the MSSM one and then the charged
Higgs boson mass takes a smaller value than that of the
MSSM for the same value of m5lu . On the other hand, the
neutral Higgs boson mass matrix is too complex to be diago-
nalized analytically. However, if we note that the smallest
9It may be useful to note that the sign of z1 , z2 , and z3 is re-
versed between a j1 model with sin x and a j2 model with 2sin x.eigenvalue of the matrix is smaller than the smallest diagonal
component, we can find the tree-level upper bound of the
lightest neutral Higgs boson mass. By diagonalizing the










2 b1z2 sin2 b!2G . ~23!
The first two terms correspond to the bound which is derived
from the usually studied model extended with a gauge sin-
glet.
As easily seen from these results, these Higgs boson
masses have a crucial dependence on l and u . One of the
important differences between the present models and the
MSSM comes from the fact that the m term is replaced by
the Yukawa coupling lSH1H2. If we impose the present
experimental bounds on the Higgs boson masses, useful con-
straints can be obtained in the (l ,u) plane. The present mass
bounds on both the charged Higgs and the lightest neutral
Higgs bosons are ;44 GeV @27#. We use this bound and
show the allowed region in the (l ,u) plane in Fig. 2. Since it
is found to be insensitive to the models and also the sin x
value, we take the j2 model with sin x50 as an example.
Here for the lightest neutral Higgs boson we used the result
obtained by numerical diagonalization of the mass matrix,
1744 57DAIJIRO SUEMATSUEq. ~19!. It should be noted that only the u.0 region is
allowed. This is completely dependent on our choice (A.0)
for the sign of A .10
Additional important constraints on m can be obtained
from the condition in the (m ,M W) plane coming from the
search of the neutralinos and charginos at the LEP @28#. If we
assume tan b;1.5, the allowed region in this plane is
roughly estimated as11
umu,M W;
.40 GeV ~for lu.0 !,
~24!
umu,M W;
.100 GeV ~for lu,0 !.
The chargino sector in the present model is not altered from
the MSSM and then these conditions on m can be used as the
constraint for l and u . Thus the allowed region of the (l ,u)
plane is found to be determined by the lower bound of the
lightest neutral Higgs boson mass for all models. It corre-
sponds to the surrounded region by the dashed lines in Fig. 2.
If we combine this with the result obtained from Fig. 1, wecan restrict the allowed region in the (l ,u) plane for each
model with a certain sin x value. We will use this fact later.
III. DECAY WIDTH OF x˜ 20 INTO x˜ 10
A. Neutralino sector
In this subsection we examine the structure of the neu-
tralino sector and also define the mass eigenstates of the
chargino and squark-slepton sector, which are necessary for
the calculation of the neutralino decay. Starting from the
superpotential and soft supersymmetry breaking terms given
in Eq. ~1! and using the canonically normalized basis defined
by Eq. ~6!, we can write down the modified quantities from
the MSSM, which are relevant to the neutralino sector, that
is, the neutralino mass matrix and the gaugino-fermion-
sfermion interaction terms. If we take the canonically nor-
malized gaugino basis N T5(2ilW3 ,2ilY ,
2ilX ,H˜ 1 ,H˜ 2 , S˜) and define the neutralino mass term as
Lmassn 52 12N TMN1H.c., the 6 3 6 neutralino mass matrix
M can be expressed asS M W 0 0 mZcW cos b 2mZcW sin b 00 M Y C1 2mZsW cos b mZsW sin b 00 C1 C2 C3 C4 C5mZcW cos b 2mZsW cos b C3 0 lu lv sin b2mZcW sin b mZsW sin b C4 lu 0 lv cos b
0 0 C5 lv sin b lv cos b 0
D , ~25!
where v and u are defined by Eq. ~9!. Matrix elements
C1 – C5 are components which are affected by the kinetic
term mixing. They are represented as














S gY tan x1 gXQ1cos x D v cos b ,
10The A and u dependence of the Higgs mass eigenvalues is in-
cluded in the terms, which are composed of Au and even powers of
each of them. Thus the sign of u is related to that of A . Here it
should also be noted that in the present notation u.0 corresponds
to the ordinary m,0 case.
11It should be noted that this restriction has been derived under




2 uWM W . However, we will apply them for the general
M Y and M W here. These constraints correspond to the condition for













Neutralino mass eigenstates x˜ i
0(i51 – 6) are related to Nj
through the mixing matrix Ui j as
x˜ 05UTN. ~27!
The change in the gaugino interactions can be confined to the




Fc˜*S 2gYY tan x1 gXQXcos x DlXc
2S 2gYY tan x1 gXQXcos x D l¯Xc¯c˜
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2S 2gYY tan x1 gXQXcos x D l¯XH˜¯HG , ~28!
where c and c˜ represent quarks or leptons and squarks or
sleptons. Higgs fields (H1 ,H2 ,S) are summarized as H and
the corresponding Higgsinos (H˜ 1 ,H˜ 2 , S˜) are denoted as H˜ .
The charges of U(1)Y and U(1)X are denoted as Y and QX .
As a result, the parts corresponding to the gaugino compo-
nent of the neutralino x˜ i
0
-fermion-sfermion vertices are rep-











FgYYU2i1S 2gYY tan x1 gXQXcos x DU3iG ,
~29!
where the suffixes L and R stand for the chirality of the
coupled matter fields c and their charges are defined in terms
of the left-handed chiral basis as presented in Tables I and II.
FIG. 2. The allowed region in the (l ,u) plane for the j2 model
with sin x50. The contours of the present mass bounds of the light-
est neutral Higgs scalar and the charged Higgs scalar are shown by
the dashed and dot-dashed lines, respectively. The surrounded re-
gion by the dashed lines and the upper region of the dot-dashed one
are allowed. The solid lines represent the boundary
(A ,lu540 GeV; and B ,lu52100 GeV) coming from the ex-
perimental searches of charginos and neutralinos. The region sand-
wiched between them is forbidden.Additionally, it is also useful to define the chargino and
squark mass eigenstates here for the forthcoming calculation.
Taking account of Eq. ~1!, the chargino mass terms are given
as
Lmassc 52~H12 ,2il2!S 2lu A2mZcW cos bA2mZcW sin b M W D
3S H212il1D . ~30!
The mass eigenstates x˜i
6 are defined in terms of the weak
interaction eigenstates through the unitary transformations,
S x˜11x˜21D [W ~1 !†S H212il1D , S x˜12x˜22D [W ~2 !†S H122il2D .
~31!
Squarks and sleptons are also relevant to the neutralino
decay. When we consider this subject, all flavors can be
treated in the same way except for the top quark sector. If
they appear in the internal lines, the top squark may be es-
pecially important because of the largeness of its Yukawa
couplings and then we only consider the top squark sector in
such cases. However, in the neutralino decay modes which
contain the ordinary fermions in the final states, the top
quark is too heavy to be included in them and it is irrelevant
to such processes.
In the following analysis we do not consider flavor mix-
ing in the squark and slepton sectors, for simplicity. Thus the
sfermion mass matrices can be reduced to the 232 form for
each flavor. This 232 sfermion mass matrix can be written
in terms of the basis ( f˜L , f˜R) as
S um f u21M L21DL2 m f~A f1luR f !m f*~A f*1luR f ! um f u21M R2 1DR2 D , ~32!
where m f and M L ,R
2 are the masses of ordinary fermion f and
its superpartners f˜L ,R , respectively. We assume that M L ,R2 is
universal for all flavors. R f is cot b for the up sector and
tan b for the down sector. Soft supersymmetry breaking pa-
rameters A f are the dimensionful coefficients of three scalar
partners of the corresponding Yukawa couplings. DL
2 and DR
2
represent the D-term contributions, which are modified in the
present models as follows:
DL
256 12 mZ





2 52 12 mZ
2sW
2 Y cos 2b1 14 gX
2 QX8 ~Q18v121Q28v221QS8u2!,
~33!
where the upper sign in DL corresponds to the up-sector
sfermions and the lower one to down-sector sfermions. The
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0!x˜ i0 f f¯ .primed charge QX8 stands for the modified charge due to the
kinetic term mixing and defined as gXQX852gYY tan x
1gXQX /cos x. We should note that these D-term contribu-
tions cannot be neglected in the extra U(1)X where u tends
to be large. In such cases it will be useful to note that the
positivity condition of the sfermion masses may induce no
condition on the soft scalar masses. We define the mass
eigenstates ( f˜1 , f˜2) as
S f˜1f˜2D [V f †S f˜Lf˜RD . ~34!
Under our assumption for the reality of soft SUSY param-
eters the above chargino and sfermion mass matrices are real
and then W (6) and V f become the orthogonal matrices.
By now we have finished the preparations for the calcu-
lation of neutralino decay in the present models. If R parity
is conserved and the lightest neutralino is the lightest super-
particle, the decay of the next-to-lightest neutralino x˜ 2
0 into
the lightest neutralino x˜ 1
0 can be expected to appear in the
various superparticle decay processes. As the representative
decay modes of x˜ 2
0 into x˜ 1
0
, the tree-level three-body decay
x˜ 2
0!x˜ 10 f f¯ and the one-loop radiative decay x˜ 20!x˜ 10g
have been calculated in the MSSM framework @12,14,29#. In
these studies, which decay mode of these becomes dominant
has been shown to be crucially dependent on the composition
of x˜ 2
0 and x˜ 1
0 and then on the SUSY parameters. It is very
interesting that the one-loop decay mode can easily dominate
the tree-level process in the suitable parameter region. As
was recently stressed in Ref. @13#, if a CDF-type event rel-
evant to x˜ 2
0!x˜ 10g happens to be observed dominantly in-
stead of x˜ 2
0!x˜ 10 f f¯ , it can constrain the SUSY parameter
space severely. In the following part of this section we shall
analyze the decay widths of x˜ 2
0!x˜ 10 f f¯ and x˜ 20!x˜ 10g in
the present extra U(1)X models and also qualitatively discuss
the condition on the SUSY parameters for x˜2
0!x˜10g domi-
nance.
There exist other decay modes like two-body decay into
the lightest Higgs x˜ 2
0!x˜ 10h0 and the cascade decay medi-
ated through the chargino as x˜ 2
0!x˜ 11(e n¯e)
!x˜ 10 e¯ne(e n¯e). If the h0 is light enough for the threshold to
be opened satisfying mx˜ 202mx˜ 10.mh0, the first one can be arelevant mode. The second one may not be suppressed if x˜1
1
is lighter than x˜ 2
0 even in the case that x˜ 2
0 is composed of
the same ingredients as the case where x˜ 2
0!x˜ 10 f f¯ is sup-
pressed. Although these points should be taken into account
in the analysis, through the numerical calculation of the mass
eigenvalues h0 at least seems to be heavy enough not to open
the threshold in the parameter region (lu ,mZ) which we are
interested in. For the chargino mediated cascade decay the
threshold can be opened but the existence of its suppression
mechanism has been pointed out in Ref. @14#. Therefore, in
this paper we concentrate our attention on the comparison of
x˜ 2
0!x˜ 10g and x˜ 20!x˜ 10 f f¯ . For this purpose we shall first
calculate the decay width of both modes. We are particularly
interested in the case of rather small neutralino masses since
in such a case these neutralino decays may be observed in an
experiment in the near future.
B. x˜ 2
0x˜ 10f f¯
There are two types of diagrams which contribute to the
tree-level three-body decay. They are shown in Fig. 3. The
top quark cannot be a final state so that the contribution from
diagram 3~b! is generally suppressed by the small Yukawa
coupling. The phase space integral can be analytically done
in the limit that the mass of the final state fermion f is zero.
This seems to be generally a rather good approximation and
we adopt this result of the phase space integral in the present
estimation. Thus the decay width for this process can be
expressed as12
G~x˜ j
0!x˜ i0 f f¯ !5
1








F a2 , ~35!
where the vertex factors Fa can be expressed by using the
mixing matrix element Ui j in the neutralino sector as
12It should be noted that in the limit of m f!0 there is no inter-
ference term such as F f L
(1)F f R
(1) between the different fermion chirali-
ties in F a2 (a51,2).
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1
4mZ1
2 F S g ~1 !1 gX2cos x Q1 sin j DU4 jU4i1S 2g ~1 !1 gX2 cos x Q2 sin j DU5 jU5i
1
gX




2 F S g ~2 !1 gX2 cos x Q1 cos j DU4 jU4i1S 2g ~2 !1 gX2 cos x Q2 cos j DU5 jU5i1 gX2 cos x QS cos jU6 jU6iG~F f L~2 !1F f R~2 !!,





L ~Y ,QX!U5i1Z1iL ~Y ,QX!U5 j#h fV1af 2 2@Z1 jR ~Y ,QX!U5i1Z1iR ~Y ,QX!U5 j#h fV2af 2 22h f2U5 jU5iV2af V1af
1@Z1 j








~2sin j1sW tan x cos j!. ~37!
F1 and F2 comes from diagram 3~a!. The mass eigenvalues
of the neutral gauge bosons are expressed as mZ1 and mZ2.
M f˜a
2 is the mass eigenvalue of the sfermion mass matrix, Eq.
~32!. The effective neutral current couplings, F f L
(1)
, etc., are
deviated from ones of the MSSM due to the existence of the
extra U(1)X and the Abelian gauge kinetic term mixing.
Their concrete expressions are presented in Appendix A.
Zi
L(Y ,QX) and ZiR(Y ,QX) are defined by Eq. ~29!. Diagram
3~b! gives F 3,4f and F 4( f 5D ,E) is obtained by replacing
Z1 j
L (Y ,QX), Z1 jR (Y ,QX) and U5 j in F 3( f 5U) with Z2 jL (Y ,QX),
Z2 j
R (Y ,QX) and U4 j , respectively.
It is useful to examine under what condition this decay
width can be suppressed based on Eqs. ~35! and ~36!. As was
noticed up to now @14#, a dynamical suppression can happen
depending on the composition of x˜2
0 and x˜1
0 which is deter-
mined by the SUSY parameters. For the contribution from
F1 and F2 they are suppressed unless both x˜20 and x˜10 are
dominated by Higgsinos. In F3 and F4 there are contribu-
tions from both the Higgsino and gaugino components in x˜2
0
and x˜1
0 and then it seems to be difficult to expect the sup-
pression due to the neutralino composition. However, there
is a crucial suppression due to the small Yukawa coupling
and also the small left-right mixing V12
f in the sfermion mass
matrix. These features can be summarized as follows. The
dynamical suppression appears effectively in such a case that
one of x˜2
0 and x˜1
0 is dominated by gauginos and the other is
dominated by Higgsinos. Although this is the same as the
MSSM situation, there is a noticeable feature in the presentextra U(1)X models. In the case of the S˜ dominated neu-
tralino, it has no mixings with lW and lY . Moreover, it has
no couplings with ordinary fermions. If this is the case, it is
not necessary for the gaugino dominated neutralino to be an
almost pure photino in order to suppress this three-body de-
cay unlike the MSSM. Later this point will be discussed in
more detail again.
C. x˜ 20x˜ 10g
Next we proceed to the calculation of the one-loop radia-
tive decay x˜ 2
0!x˜ 10g . This has already been studied in the
MSSM framework @12#. From gauge invariance, as sug-
gested in @30#, it is easily found that the effective interaction
describing this process is given as
Leff5Gx˜¯ j0smnx˜ i0Fmn. ~38!






where mi and m j are the masses of x˜ i
0 and x˜ j
0
. Our main
problem is the estimation of the effective coupling G. One-
loop diagrams contributing this coupling are given in Fig. 4.
In diagrams 4~1a! and 4~1b!, only the top squark contribution
cannot be neglected because of its large Yukawa coupling.
After some algebraic manipulation, it is obvious that this
coupling can be obtained as the coefficient of q e terms
where qm and em are the momentum and the polarization
vector of photon. In case of small neutralino masses
mi , j!m ,M where m and M , respectively, represent the
masses of fermions and bosons in the internal lines, the neu-
tralino mass dependence disappears from these one-loop am-
plitudes. Its only dependence on the neutralino sector comes
through the mixing matrix Ui j of the neutralino sector. The
effective coupling G can be summarized as follows:








H f S M H62
ma
2 D G2a1 f S M W2ma2 D G3a2F 4IS M W2ma2 D
13JS M W2
ma
2 D GG4a1 M W2ma JS M W2ma2 D G5aJ D , ~40!
where ma and M H6 stand for the masses of the charginos
and the charged Higgs boson. The charged Higgs boson
mass expression is presented in Eq. ~22!. The first and sec-
ond summations should be taken for the top squark mass
eigenstates and the chargino mass eigenstates, respectively.
Each term with a vertex factor Gi
a comes from Feynman
diagram numbered with i in Fig. 4 and their concrete expres-
sions are presented in Appendix B. Kinematical functions
f (r), I(r), and J(r) are defined as
f ~r !5 112r F11 r12r ln r G , ~41!
FIG. 4. One-loop diagrams contributing to x˜j
0!x˜i0g . The
chirality flip occurs at the fermion internal lines and/or Yukawa
vertices. In ~2a! and ~2b! we show representative ones.I~r !5
1
2~12r !2 F11r1 2r12r ln r G , ~42!
J~r !5
1
2~12r !2 F231r2 212r ln r G . ~43!
For checking this formula, we assume that lu ,M W ,M Y ,
M X!mZ and the top squark mass matrix is diagonal
(Vab5dab). In such a case, for Wab(6) , the situation is the











Mass eigenvalues of charginos are approximately written as
m1
c5A2mZcW cos b , m2c5A2mZcW sin b . ~45!
For Ui j , if we put gX50 and l!0 but keeping m(5lu)
constant, Ui j can be approximated as
U1i5sW , U2i5cW , U4 j5sin b ,
U5 j5cos b , other Ui j50,
Zi




Using these expressions, it can be easily checked that G is
reduced to the MSSM result calculated in this parameter set-
ting @12#.
This feature of Eq. ~40! is rather similar to the one of the
MSSM. As easily seen from the structure of Gi
a in Appendix
B, there is no special neutralino configuration in which the
drastic suppression mechanism works for G(x˜ j0!x˜ i0g) un-
like G(x˜ j0!x˜ i0 f¯ f ). This is an important feature to consider
the neutralino decay processes.
D. Radiative decay dominant condition
As was clarified through the study of the CDF event
eegg1E T @13#, neutralino decay can give the valuable in-
formation on the SUSY parameters. Based on a naive pertur-
bative sense, as x˜ 2
0!x˜ 10g is the higher order process com-
pared with x˜ 2
0!x˜ 10 f f¯ , the former is expected to be largely
suppressed by the small couplings compared with the
latter.14 However, in the present case the neutralinos are
complicatedly composed of various ingredients and two de-
cay modes imply a different feature depending on their com-
positions which are determined by the SUSY parameters. If
the signature of the radiative decay mode is dominantly ob-
13Here the sign conventions are taken so as to make both mass
eigenvalues positive.
14It has been suggested that there is also a kinematical suppression
of the three-body decay when x˜ 2
0 and x˜ 1




2 @14#. However, in our study we will not refer to such
a parameter region.
57 1749NEUTRALINO DECAY IN THE m-PROBLEM SOLVABLE . . .served, the SUSY parameter space can be strictly restricted
due to the suppression condition of the tree-level three-body
decay. Thus it will be useful to study how this situation can
be changed in the extra U(1)X models.For this investigation it is convenient to rewrite the neu-
tralino mass matrix, Eq. ~25!, in terms of the usual photino
and Higgsino basis which is often used in the MSSM case. It
can be written asS M WsW2 1M YcW2 ~M W2M Y !sWcW cWC1 0 0 0~M W2M Y !sWcW M WcW2 1M YsW2 2sWC1 mZ 0 0cWC1 2sWC1 C2 C3 cos b2C4 sin b C3 sin b1C4 cos b C50 mZ C3 cos b2C4 sin b 2lu sin 2b lu cos 2b 00 0 C3 sin b1C4 cos b lu cos 2b lu sin 2b lv
0 0 C5 0 lv 0
D ,
~47!where we define the neutralino basis of this matrix as
(2il1 ,2il2 ,2il3 ,H˜a ,H˜b ,H˜c). Throughout this study we
assume that the gaugino masses M W and M Y take a value
smaller than 200 GeV.
In the MSSM case the radiative decay dominant condition
is expressed as @13,14#
M W.M Y , tan b.1. ~48!
The second one is natural from the viewpoint of radiative
symmetry breaking and we assume that it is satisfied in our
study as mentioned before. The first one is nontrivial but it
may not be necessarily required strictly in some parameter
region as pointed out in Ref. @14#. As easily seen from the
part of Eq. ~47! corresponding to the MSSM neutralino sec-
tor, we find that in the MSSM with the condition ~48! the
almost pure photino l1 and the one of Higgsinos H˜b become
the lower two neutralino mass eigenstates as far as M W ,
M Y ,lu!mZ . This situation realizes the suppression of the
three-body decay as discussed in the last part of Sec. III B.
On the other hand, this kind of suppression of three-body
decay seems not to be realized in the present extra U(1)X
models even if the above condition is satisfied. This is be-
cause of the existence of the extra U(1)X gaugino which has
mixings with every neutralino component. Thus in order to
suppress the tree-level three-body decay it is necessary to
resolve this mixing effectively and produce a purely
Higgsino-type neutralino. Although various possibilities may
be considered, we are particularly interested in the case with
M W./ M Y .
The first possibility is to make l1 and/or l2 decouple
from one of the Higgsinos by imposing
C1.0, u@v , ~49!
in addition to Eq. ~48!. The first one requires M Y sin x5MYX
and it is always satisfied in the case of no kinetic term mix-
ing. The second one should be usually satisfied in the extra
U(1)X models to overcome the small mixing condition on j
as discussed in the previous section. As shown in Tables I
and II, C3 sin b6C4 cos b.0 cannot be satisfied in thepresent extra U(1)X models. However, if u is large enough,
C5 becomes large and as a result C3 sin b6C4 cos b.0 can
be effectively satisfied. Under this situation the Higginos H˜b
can decouple from l1 and l2. The value of l is related to
which neutralinos become the lower two neutralino mass
eigenstates and then it seems not to be severely restricted by
requiring radiative decay dominance. As easily seen from the
above mass matrix, l3 and H˜c tend to decouple from other
fields under the condition ~49! and the situation is reduced to
the MSSM one. This feature of x˜ 2
0 and x˜ 1
0 is expected to be
similar to the one of the MSSM. When the composition of
these states is interchanged, the same suppression is also
expected to occur. In this possibility it should be noted that
M W;M Y will not be necessarily required like the MSSM as
far as M X takes a similar value as M W and M Y . In the j6
model with a suitable sin x value, a large u is not necessarily
needed. In such a case, although the Z8 becomes rather light,
radiative decay dominance cannot be expected. In this case
sin x50 seems to be preferable for radiative decay domi-
nance.
The second possibility is to make the lightest neutralino
an almost pure S˜ . As mentioned in the Sec. III B, S˜ has no
mixings with lW and lY and also no couplings with ordinary
fermions. Thus if we consider the situation that the next-to-
lightest neutralino is the mixture of lW and lY and the light-
est neutralino is dominated by S˜ , three-body decay can be
suppressed. This gives a new window which does not require
the condition M W;M Y . A very light neutralino dominated
by S˜ is considered in a different context in Ref. @31#. To
realize this situation it is necessary to impose
C2@C5 , C1.0, lu.mZ . ~50!
The first one means that M X needs to be rather large com-
pared with u . We need a particular supersymmetry breaking
mechanism which can realize the large hierarchy among soft
gaugino masses such as M X@M Y . If u@v , which is gener-
ally the preferable situation for the extra U(1)X models, the
next-to-lightest neutralino is almost a mixture of l1 and l2
~i.e., lW and lY) and also the lightest neutralino H˜c which is
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tions for the lightest neutralino which realize radiative decay
dominance by shifting the values of M X and u . If we assume
u;
.v , the lightest neutralino becomes a mixture of H˜b and
H˜c . This situation can be realized in the j6 models with a
suitable sin x value as found from Fig. 1. If the condition
C2@C5 is changed into C5@C2@v , which is equivalent to
u@M X@v , the lightest neutralino becomes H˜b and the situ-
ation becomes similar to the MSSM case except that x˜ 2
0 does
not need to be a photinolike state but is enough to be any
states composed of lW and lY . It should be noted that these
new possibilities are related to the large m(.mZ) and/or
sin xÞ0 case, where lX and S˜ can play a crucial role. In the
sin xÞ0 case, C1.0 requires the existence of nonzero M YX .
The validity of this condition should be checked by using
renormalization group equations ~RGEs! in each model.
IV. NUMERICAL ANALYSIS
The arguments in the previous section are qualitative ones
on the suppression mechanism for the three-body decay of
x˜ 2
0 compared with radiative decay. It is necessary to proceed
with numerical calculations to treat the subtlety of the pa-
rameter dependences and also restrict in more quantitative
way the SUSY parameter space where radiative neutralino
decay becomes the dominant mode. As suggested above,
there may be a new window of the SUSY parameters in the
present extra U(1)X models and it may be possible to escape
the constraint, Eq. ~48!, on the gaugino mass in the MSSM.
To clarify this we compare the two decay modes numeri-
cally. In the study of this direction the most interesting pa-
rameters are the gaugino masses. In addition to them, u and
l will be also important in the present models because they
are relevant to the extra Z0 mass and also the m scale.
Before going to the numerical analysis of these decay
widths, it will be useful to summarize the allowed parameter
region. We have already presented constraints on l and u in
Figs. 1 and 2. By combining these results, for typical values
of sin x the allowed region of u is roughly estimated as
sin x50H h model: u;.1375 GeV, 0.1;,l;,0.42,j1 model: u;.550 GeV, 0.1;,l;,0.53,
j2 model: u;
.550 GeV, 0.1;,l;,0.53,










.40 GeV should be satisfied. Here we should note
that sin x affects the neutralino decay widths, Eqs. ~35! and
~39!, not only directly through the vertex factors and the
mixing matrix but also indirectly through determining thelower bound of u . For the soft supersymmetry breaking pa-
rameters we assume typical values as follows:
A5A f5200 GeV, M L5M R5200 GeV. ~52!
Additionally, gY5gX and M YX50 are also assumed.15 The
gaugino mass M X is treated as a free parameter and also the
gaugino masses M W and M Y are assumed to take not so large
values such as 40 GeV;
,M W , M Y;
,200 GeV. Under this pa-
rameter setting, the branching ratio Br[G(x˜20
!x˜10g)/@G(x˜20!x˜10 f f¯)1G(x˜20!x˜10g)# is studied in the
(l ,u) and (M W ,M Y) planes for typical values of sin x and
M X . Through this study we found that the decay width of
the radiative decay is in the rather wide range
O(1026 – 10210) GeV depending on the parameters. Al-
though from the viewpoint of experimental detectability it
may be possible to restrict further the parameter region based
on the absolute value of G(x˜ 20!x˜ 10g), we are interested
mainly in the radiative decay dominance conditions and then
we focus our attention only on the Br value here. It should
also be noted that Br gives the same value for the j2 model
with sin x and the j1 model with 2sin x.
At first we examine Br under the condition of
M W5M Y5M X (;,200 GeV! in the (l ,u) plane. As an ex-
ample, we take the j2 model which has a rather small lower
bound of u . In this model it is expected that there is no
severe restriction on the value of l . In fact numerical studies
show that Br.0.98 is realized almost through the entire re-
gion which satisfies the constraints coming from Figs. 1 and
2, although for a certain m value around ;600 GeV there is
a shallow valley where Br gives a slightly smaller value
compared with other region. That valley moves in the (l ,u)
plane by the order of lu;O(101 – 102) GeV following a
change of the value of sin x from 20.2 to 0.2. This shift
originating from the change of sin x becomes larger as M X
becomes larger. When M X becomes larger, Br,0.90 occurs
at a small l region such as l;
,0.2. These qualitative features
are found to be common to all models. The difference be-
tween the h model and j6 model is that the latter can have
a smaller bound of u . As a result, for the same value of l , m
in j6 models can take smaller values than that in the h
model. In such a small m region Br has the tendency to
become smaller as far as the small gaugino masses are as-
sumed. This is because the gaugino-Higgsino mixing cannot
be extracted in the lower lying neutrino eigenstates. Anyway
we can safely conclude that radiative decay dominance is
good enough in the whole region of (l ,u) as far as
M W5M Y5M X is satisfied.
Next we proceed to the study of M W and M Y dependence
of Br . For this purpose we estimate Br in the (M W ,M Y)
plane. In Fig. 5 we show the results for the j2 model as an
example. The global feature of this kind of plot seems to be
characterized by the value of m (5lu) if M X is fixed. In
the case of lu;
,mZ @Figs. 5~a!, 5~b!, and 5~c!#, M W.M Y
seems not to be severely required. This point has been al-
ready pointed out in the MSSM case @14#. However, in this
15Although these should be determined in terms of a RGE analy-
sis, we make these assumptions only for simplicity.
57 1751NEUTRALINO DECAY IN THE m-PROBLEM SOLVABLE . . .FIG. 5. ~a! The contours of the branching ratio Br50.9, 0.7, and 0.5 of the j2 model with sin x50 in the (M W ,M Y) plane, which are
represented by solid, dashed, and dot-dashed lines, respectively. Parameters are set as l50.15, u5600 GeV and M X550 GeV. ~b! The same
contours of Br as ~a!. Parameters are set as l50.15, u5600 GeV, and M X5400 GeV. ~c! The same contours of Br as ~a!. Parameters are
set as l50.15, u5600 GeV, and M X51000 GeV. ~d! The same contours of Br as ~a!. Parameters are set as l50.5, u5600 GeV, and
M X550 GeV. ~e! The same contours of Br as ~a!. Parameters are set as l50.5, u5600 GeV, and M X5400 GeV. ~f! The same contours
of Br as ~a!. Parameters are set as l50.5, u5600 GeV, and M X51000 GeV.model the larger violation of the relation M W.M Y seems to
be allowed compared with the MSSM case. When M X be-
comes larger compared with M W and M Y , the Br.0.9 re-
gion shrinks into the smaller M W ,M Y region and also there
appears a new Br.0.9 region in the large M W ,M Y domain,
where M W;M Y is not required. These behaviors of Br may
be understood as follows. Accompanied by a change of M X ,
a level crossing occurs between x˜ 1
0 and x˜ 2
0 and then their
ingredients are interchanged. And in the region of M X where
the separation between x˜ 1
0 and x˜ 2
0 is large enough, Br.0.9
is realized. In the case of lu.mZ @Figs. 5~d!, 5~e!, and 5~f!#,
when M X is smaller compared with mZ , the Br.0.9 region
appears as a beltlike zone around the M W;M Y line but thewidth of this region is not so narrow. This means that the
next-to-lightest neutralino should be the almost photino l1 to
realize radiative decay dominance and then M W.M Y is
preferable. Under this condition the mixture of l2 , l3 , H˜a ,
H˜b , and H˜c can decouple from l1. As M X becomes larger,
the Br.0.9 region has the tendency to occupy a wider space
where M W.M Y is not required. The reason for this Br be-
havior can be understood from the qualitative arguments in
the previous section. Although we show here the results for
only one model, we have checked that other models also
showed similar qualitative features. So these results can be
considered as qualitatively general ones.
Finally we would like to stress that in the extra U(1)X
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cay becomes the dominant mode of the neutralino decay.
This region contains a new possibility such that the relation
M W;M Y is completely violated in comparison with the cor-
responding parameter space to the case of the MSSM @14#.
This can be possible because of the existence of lX and S˜ .
The neutralino decay may give us various information on the
extra gauge structure.
V. SUMMARY
We studied the decay of the next-to-lightest neutralino
into the lightest neutralino in the extended models with an
extra U(1)X and a SM Higgs singlet S , which can solve the
m problem as the result of its radiative symmetry breaking.
In this study we took account of the Abelian gaugino kinetic
term mixing. At first we investigated the neutral gauge sector
and Higgs sector in order to constrain the parameter space of
FIG. 5. ~Continued!.the models. Through this analysis we showed that the VEV
^S& and the Yukawa coupling l of the Higgs singlet S were
constrained in the suitable region. Next the width of the one-
loop radiative decay and the tree-level three-body decay
were calculated. Based on those results the suppression con-
dition of the three-body decay was qualitatively discussed
and we suggested that there could be a new possibility to
escape the constraint on the gaugino masses M W.M Y for
the realization of such a suppression in the MSSM. This is
due to the existence of the extra U(1)X gaugino and the
singlet field S . For a more quantitative analysis the branching
ratio of radiative decay was numerically estimated in the
(l ,u) and (M W ,M Y) planes. As a result we found that the m
problem solvable extension with the extra U(1)X could
largely modify the parameter space which realizes radiative
decay dominance from that of the MSSM. Especially, it was
pointed out that the condition M W.M Y for the gaugino
masses is not necessarily required for radiative decay domi-
nance as far as M X is large enough. In the extra U(1)X mod-
els slepton and squark decays which contain the above pro-
cesses as subprocesses can be largely affected by the
existence of the extra gauge bosons and the Higgs singlet.
These results seem to be interesting for future accelerator
experiments. In the supersymmetric models the extension
with extra U(1)’s may have interesting and fruitful phenom-
ena in their superpartner sector and its extra gauge structure
may be seen through the study of the superpartner sector.
Further study of this aspect will be worthy enough.
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APPENDIX A
In this appendix we give the concrete expressions of the
interaction Lagrangian of the neutral gauge sector. Original
states which are not canonically normalized are represented
by the mass eigenstates (Am,Z1m ,Z2m) as
Aˆ m5Am2cW tan x~sin jZ1m1cos jZ2m!,
Zˆ m5~cos j1sW tan x sin j!Z1
m













where Am stands for the real photon field and Z1m is under-
stood as Zm observed at the LEP. Using these mass eigen-
states, the interaction terms of these gauge fields with ordi-
nary quarks and leptons in this model can be expressed as
Lint5JmemAm1 jm~1 !Z1m1 jm~2 !Z2m ,
jm~1 !5F f L
~1 ! f¯Lgm f L1F f R
~1 ! f¯Rgm f R ,
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~2 ! f¯Lgm f L1F f R
~2 ! f¯Rgm f R , ~A2!
where the coefficients F f L
(1)
, etc., are defined as
F f L
~1 !5~t322QemsW2 !g ~1 !2eQemcW tan x sin j
1
gX
2 cos x QX
f L sin j ,
F f R
~1 !522QemsW2 g ~1 !2eQemcW tan x sin j
1
gX
2 cos x QX
f R sin j ,F f L
~2 !5~t322QemsW2 !g ~2 !2eQemcW tan x cos j
1
gX
2 cos x QX
f L cos j ,
F f R
~2 !522QemsW2 g ~2 !2eQemcW tan x cos j
1
gX
2 cos x QX
f R cos j . ~A3!
QX
f L and QX
f R stand for the U(1)X charges of f L and f R .
APPENDIX B
We give here the concrete expressions of the vertex factors Gi




3 H V1a† V2a† FZ jRS 2 43 DZ1iL S 13 D2Z iRS 2 43 DZ1 jL S 13 D G2hUV1a† V1aFU5 jZ1iL S 13 D2U5iZ1 jL S 13 D G
2hUV2a







~2 !~U4iU5 j2U5iU4 j!1W1a
~1 !W1a
~2 !@Z2i
L ~21 !Z1 j










L ~1 !2U4 jZ1i






L ~21 !U6 j2Z2 j


















~2 !†~U5iU4 j2U4iU5 j!G , ~B3!
G5






~1 !~U5 jU6i2U6 jU5i!1W1a
~2 !W2a
~2 !†@U1 jZ2i





















L ~1 !2U1iZ1 j
L ~1 !#2lW1a
~2 !W2a
~2 !†~U1 jU6i2U6 jU1i!D G , ~B4!
where in these equations we abbreviate the U(1)X charges in the expression of ZiL(Y ,QX) and ZiR(Y ,QX). G3a can be obtained
by making a replacement such as sin b!cos b and cos b!2sin b in G2a .
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